INTRODUCTION {#sec1}
============

Staphylococcus aureus is one of the most important antibiotic-resistant pathogens that threaten global health in the 21st century ([@B1]). Penicillin-resistant S. aureus (PRSA) evolved soon after the introduction of penicillin G in 1943. The subsequent development of the penicillinase-resistant β-lactam antibiotic methicillin was followed by the evolution of methicillin-resistant S. aureus (MRSA) in 1961 in the United Kingdom. Since that time, MRSA outbreaks have been reported worldwide ([@B2]). MRSA isolates are often reported to be resistant to other classes of antibiotics, including vancomycin, leading to the emergence of vancomycin-intermediate S. aureus (VISA) ([@B3][@B4][@B5]).

Apart from resistance, a bacterial subpopulation can also survive under antibiotic pressure through another adaptive strategy, which is known as tolerance ([@B6][@B7][@B8]). Antibiotic tolerance has gained attention because of the ever increasing need to combat multidrug resistance as the severity of the antibiotic resistance crisis becomes more acute. Unlike resistance, alterations of antibiotic target sites and MICs are not typical hallmarks of tolerance ([@B9], [@B10]). Instead, slow growth and reduced autolysis have been reported to be common phenotypes of tolerant strains ([@B7], [@B9], [@B10]). Antibiotic-induced tolerance is reversible under drug-free conditions, when it is not accompanied by genetic mutation ([@B10], [@B11]). Although the specific molecular mechanisms of tolerance have not been determined for each class of antibiotic, results have revealed the presence of redundant molecular pathways that can lead to slow growth and the induction of tolerance ([@B6]). However, tolerance to cell wall-active antibiotics and other environmental stresses has been largely associated with the induction of the stringent response regulator guanosine tetra- and pentaphosphate \[(p)ppGpp\] ([@B12]). Whole-genome sequencing using next-generation sequencing (NGS) techniques is now being applied to obtain an understanding of tolerance mechanisms. By this method, daptomycin tolerance in S. aureus has been correlated with the occurrence of a point mutation in the *pitA* gene (encoding the inorganic phosphate transporter), which leads to the accumulation of inorganic phosphate and upregulation of the expression of the *dlt* operon, rather than with the induction of a stringent response ([@B13], [@B14]).

Because of the lack of a standard method of comparison, the identification of tolerant clinical bacterial isolates has been challenging ([@B7]). Nevertheless, tolerance may be an underlying cause of persistent infections and the recalcitrance of the bacteria to both host immunity and antibiotics.

Because vancomycin is an anti-MRSA agent, the genetic determinants responsible for the sequential conversion of MRSA to hetero-VISA (hVISA) and then to VISA under the selective pressure of vancomycin are well established both *in vitro* and *in vivo* ([@B5], [@B15][@B16][@B23]). However, we aimed to study the occurrence of vancomycin tolerance in a methicillin-susceptible S. aureus (MSSA) strain, to determine the early steps of the development of resistance. Understanding these early steps can potentially help to prevent the emergence of overt resistance, especially that associated with a gradual increase in the MICs of mainstay antibiotics, such as vancomycin ([@B24][@B25][@B26]).

In this study, strains surviving vancomycin treatment (referred to here as vancomycin survivor \[VSV\] strains) were selected from cultures of MSSA FDA209P exposed to an inhibitory concentration of vancomycin and were analyzed for physiological and genetic changes. We have previously published the complete genome sequence of FDA209P ([@B27]). Notably, this strain has no history of exposure to man-made antibiotics, as it was isolated in 1948, before their widespread clinical introduction ([@B28]). The use of this strain enabled exploration of the first steps in the adaptation of S. aureus to vancomycin, prior to the development of the capacity for multidrug resistance.

RESULTS {#sec2}
=======

Establishment of vancomycin survivor mutants from FDA209P. {#sec2-1}
----------------------------------------------------------

FDA209P cells (10^7^ CFU) were exposed to vancomycin at the MIC, leading to the appearance of three very small colonies after 96 h of incubation. Presumably, they resumed growth only after substantial consumption of vancomycin from the BHI agar plate ([@B29]). Unlike the growth of resistant mutants, the growth of these late-appearing survivors remained suppressed in the presence of an inhibitory concentration of vancomycin. Therefore, we speculated that these colonies were tolerant mutants and designated them vancomycin survivor strains VSV1 to VSV3 ([Table 1](#T1){ref-type="table"}). Next, the phenotypes and genotypes of these VSV strains were compared with those of reference strain FDA209P to understand the molecular mechanism of vancomycin tolerance.

###### 

Description of bacterial strains and plasmids used in this study

  Strain or plasmid          Description                                                                                     Source or reference
  -------------------------- ----------------------------------------------------------------------------------------------- --------------------------
  Strains                                                                                                                    
      S. aureus strains                                                                                                      
          FDA209P            Parental strain                                                                                 [@B28]
          VSV1, VSV2, VSV3   VSV strains with slow growth derived from FDA209P exposed to vancomycin at 1.5 mg/liter         This study
          FDA209P-*ileS\**   FDA209P into which the *ileS* Y723H mutation was introduced by the allelic replacement method   This study
      E. coli DH5α           Used for molecular cloning                                                                      TaKaRa Bio, Shiga, Japan
  Plasmids                                                                                                                   
      pKOR1                  E. coli-S. aureus shuttle vector used for allelic exchange                                      [@B46]
      pKOR-*ileS*\*          pKOR1 plasmid carrying a portion of the *ileS* gene with the *ileS* Y723H mutation (*ileS*\*)   This study

Vancomycin-tolerant phenotype of vancomycin survivor strains. {#sec2-2}
-------------------------------------------------------------

The vancomycin susceptibility of the FDA209P-derived survivor strains was determined by Etest ([Table 2](#T2){ref-type="table"}). MIC values were \<2 mg/liter ([Fig. 1A](#F1){ref-type="fig"}), which is below the susceptibility breakpoint of 4 mg/liter for vancomycin, indicating a slight reduction in susceptibility, but these cells were not as resistant as VISA cells.

###### 

Phenotypic and genotypic properties of the VSV strains derived from FDA209P

  Strain    Growth rate   Vancomycin susceptibility   Nonsynonymous SNP(s)                 
  --------- ------------- --------------------------- ---------------------- ------ ------ ---------------------------
  FDA209P   30.8          3                           1.5                    30     24     
  VSV1      61.0          5                           1.5                    \>30   \>48   *divIVA* D54Y
  VSV2      59.4          5                           1.5                    \>30   \>48   *ribA* M40I, *ileS* Y723H
  VSV3      66.6          5                           1                      \>30   \>48   *ileS* A196V

MICs were evaluated after 48 h of incubation.

MBC, minimum bactericidal concentration required to kill ≥3 log~10~ CFU (≥99.9% killing) within 24 h.

MDK~99.9~, minimum duration of 99.9% killing.

DT, doubling time.

![Vancomycin-tolerant phenotype of the vancomycin survivor strains (strains VSV1 to VSV3) derived from FDA209P upon single exposure to 1.5 mg/liter vancomycin. (A) Evaluation of vancomycin MIC by Etest of strain VSV2 and parental strain FDA209P. The MIC was 1.5 mg/liter for both strains. (B) Population analysis on vancomycin exposure of three VSV strains, parent strain FDA209P, and the hetero-vancomycin-intermediate S. aureus strain Mu3. (C) Cytokilling curves of S. aureus strains on exposure to 30 mg/liter vancomycin (20× MIC). The numbers of CFU per milliliter were determined at the indicated times. Vancomycin tolerance was indicated by an increase in the MDK~99.9~. Data are presented as the means ± SDs from three independent experiments.](zac0021758570001){#F1}

To further evaluate the change in vancomycin susceptibility of the survivor strains, we compared the population analysis patterns (the number of CFU at different concentrations of vancomycin) of the survivor strains with those of control strains, including FDA209P and hVISA Mu3 ([Fig. 1B](#F1){ref-type="fig"}). Mu3 demonstrated heteroresistant colonies even in the presence of higher concentrations of vancomycin up to 8 mg/liter, whereas no resistant subpopulation was observed in any of the survivor strains growing in the presence of ≥4 mg/liter vancomycin. Nevertheless, all survivor strains demonstrated a modest increase in colony counts with vancomycin concentrations of 2 to 3 mg/liter, resulting in a shift of the population curves to the right compared with the curve for FDA209P.

By definition, tolerant mutants have a lower rate of antibiotic-induced cytokilling than the parental strain ([@B10]). The levels of cytokilling of the survivor mutants were compared with those of FDA209P and hVISA Mu3 to determine the tolerance to vancomycin. The cytokilling activity of vancomycin (20× MIC) against the survivor strains was substantially reduced and slower than that against FDA209P and Mu3 ([Fig. 1C](#F1){ref-type="fig"} and [Table 2](#T2){ref-type="table"}). With FDA209P, 30 mg/liter vancomycin resulted in a reduction in the log~10~ number of CFU of \>3 (bactericidal effect) within 24 h of incubation ([@B24]), so the minimum duration of killing of 99.9% of the cell population (MDK~99.9~) was 24 h. However, the viable counts of VSV1, VSV2, and VSV3 were 3.30 ± 0.13, 3.23 ± 0.16, and 3.66 ± 0.04 log~10~ CFU/ml, respectively, on treatment with vancomycin for 48 h, indicating that the MDK~99.9~ values were \>48 h. Notably, the cytokilling curve for Mu3 was steeper than the curves for strains VSV1 to VSV3 and FDA209P, indicating that although Mu3 is a hVISA strain, it consists of a population that is homogeneously sensitive to vancomycin at 30 mg/liter and that is 100% killed within 24 h, whereas the populations of strains VSV1 to VSV3 were heterogeneously sensitive to vancomycin at 30 mg/liter and had subpopulations of 0.1 to 0.3% that still survived at 48 h.

The difference in the log~10~ number of CFU per milliliter between variants VSV1 to VSV3 and parental strain FDA209P was found to be significant (*P* \< 0.05) at 24 h and 48 h of incubation.

Additional features of vancomycin-tolerant survivor strains. {#sec2-3}
------------------------------------------------------------

Other physiological changes associated with vancomycin tolerance were analyzed by measuring the growth rates and autolytic rates for the survivor strains relative to those for strain FDA209P. Slow growth was observed for all the survivor strains, with the doubling time being increased (up to 70 min) and the lag phase being prolonged (up to 5 h) compared with those for FDA209, which grew with a doubling time of 30 min and which had a lag phase of 2.5 to 3 h ([Table 2](#T2){ref-type="table"} and [Fig. 2A](#F2){ref-type="fig"}).

![Additional features of VSV strains. (A) Growth rate. Stationary-phase cultures were grown and diluted to ∼10^5^ CFU/ml in fresh BHI broth, and the growth rate was measured by recording the OD~600~ every 2 min over 24 h. Strains VSV1 to VSV3 were slow growing, showing an increased doubling time and a prolonged lag phase relative to those of FDA209P. (B) Autolytic activity. Strains VSV1 to VSV3 underwent autolysis at a substantially lower rate than parent strain FDA209P. Data are representative of those from three independent experiments with reproducible observations.](zac0021758570002){#F2}

The Triton X-100-induced autolysis of strains VSV1 to VSV3 and FDA209P was also compared, and a marked decrease in the autolytic rates in all the VSV strains was demonstrated ([Fig. 2B](#F2){ref-type="fig"}). It is possible that cell wall thickening is the cause of the reduced autolysis activity ([@B30]). Taken together, the slow growth and reduced autolysis of strains VSV1 to VSV3 were further indications of tolerance, as both of these phenotypes have previously been associated with antibiotic-induced tolerance ([@B7], [@B9], [@B10]).

Identification of SNPs in the vancomycin survivor strains. {#sec2-4}
----------------------------------------------------------

To determine the genetic basis of tolerance, the whole-genome sequences of strains VSV1 to VSV3 were compared with the whole-genome sequence of FDA209P, and nonsynonymous single-nucleotide polymorphism (SNPs) were identified in each case ([Table 2](#T2){ref-type="table"}). Two of the three VSV mutants had a single nonsynonymous SNP in the *ileS* (SAFDA_1063) gene (encoding IleRS). One SNP resulted in a change at residue 196 of IleRS from Ala to Val, and the other resulted in a change at residue 723 from Tyr to His ([Fig. 3](#F3){ref-type="fig"}). Residues 196 and 723 are located in very close proximity to the active site and isoleucyl-tRNA contact sites of IleRS, respectively (see Table S2 in the supplemental material). According to structural and evolutionary predictions, residue 723 is buried within the three-dimensional structure of IleRS (<http://homcos.pdbj.org/?LANG=ja>) (Table S3). Moreover, amino acid residue 723 varies among IleRS homologues, indicating a tendency for this residue to change under different environmental conditions. On the contrary, residue 196A seems to be conserved among IleRS homologues. Nonsynonymous SNPs were also identified in two other genes: *ribA* (SAFDA_1653), encoding an enzyme involved in riboflavin biosynthesis, and *divIVA* (SAFDA_1062), encoding cell division initiation protein DivIVA. The *ribA* SNP was identified in VSV2, and the *divIVA* SNP was identified in VSV1. The reproducibility of *ileS* mutant selection under vancomycin pressure was also confirmed by Sanger sequencing using 12 colonies from three plates; 11 of the colonies had point mutations concentrated from residues 500 to 723 of the IleRS protein. The specific locations of these mutations are shown in [Fig. 3](#F3){ref-type="fig"}.

![Mapping of *ileS* mutations and contact sites of tRNA^Ile^ and mupirocin on the domains of isoleucyl-tRNA synthetase (IleRS). The amino acid (AA) location and the alteration of all the unique nonsynonymous single-nucleotide polymorphisms identified by *ileS* gene sequencing of vancomycin-tolerant mutants are shown in the boxes. Point mutations of *ileS* that were confirmed by whole-genome sequencing are indicated in bold. The contact sites of tRNA^ile^ and mupirocin on IleRS are indicated.](zac0021758570003){#F3}

Mupirocin, a direct IleRS inhibitor, induces vancomycin tolerance in FDA209PA. {#sec2-5}
------------------------------------------------------------------------------

One of the two *ileS* mutations detected in the VSV strains was located at residue 723, which is in close proximity to the isoleucyl-tRNA contact site, leading us to speculate that a reduction in binding affinity between isoleucyl-tRNA and IleRS Y723H (compared with that for wild-type IleRS) might have induced vancomycin tolerance. To test this hypothesis, the effect of mupirocin, a direct inhibitor of IleRS ([@B31]), on vancomycin cytokilling efficacy against the FDA209P strain was tested. Cytokilling by vancomycin took longer in the presence of a sub-MIC of mupirocin, and FDA209P showed tolerance against vancomycin at 20× MIC, with the count of the survivors being ∼10^3^ CFU/ml at 48 h ([Fig. 4](#F4){ref-type="fig"}). This result suggests that *ileS* mutations in vancomycin survivor strains act like mupirocin by inhibiting IleRS function, resulting in protein synthesis inhibition and thereby causing vancomycin tolerance.

![Mupirocin-induced vancomycin tolerance in wild-type strain FDA209P. Cytokilling curves of FDA209P were produced after exposure to vancomycin at 20× MIC in BHI broth supplemented with 0.032 mg/liter mupirocin or without mupirocin. The values are presented as the means ± SDs from two independent experiments.](zac0021758570004){#F4}

Replacement of wild-type IleRS with IleRS Y723H replicated vancomycin tolerance in FDA209P. {#sec2-6}
-------------------------------------------------------------------------------------------

The experimental results of mupirocin-induced vancomycin tolerance in FDA209P indirectly suggested a close association between inhibition of IleRS and the occurrence of the tolerance phenotype of VSV2 resulting exclusively from the *ileS* mutation and not the *ribA* mutation. To directly demonstrate the association between the *ileS* Y723H mutation and vancomycin tolerance, this mutation was generated in wild-type FDA209P by pKOR1-mediated allelic replacement ([Table 1](#T1){ref-type="table"}). The constructed FDA209P strain into which the *ileS* Y723H mutation was introduced by the allelic replacement method, FDA209P-*ileS\**, was evaluated for vancomycin sensitivity and growth patterns ([Fig. 5A](#F5){ref-type="fig"} to [C](#F5){ref-type="fig"}). Similar to VSV2, the cytokilling rate of FDA209P-*ileS\** was significantly lower than that of FDA209P in the presence of 30 mg/liter vancomycin at all time points, with ∼0.1% of the initial population (10^3^ CFU/ml) being alive at 48 h ([Fig. 5A](#F5){ref-type="fig"}). Therefore, the MDK~99.9~ of FDA209P-*ileS\** was 48 h, which is 24 h longer than that of FDA209P. The growth rate of FDA209P-*ileS\** before and after exposure to vancomycin was also investigated. The growth rate of FDA209P-*ileS\** was lower than that of FDA209P even without vancomycin exposure, with the doubling time being 45.9 ± 0.8 min and the lag period being 4 h ([Fig. 5B](#F5){ref-type="fig"}). The growth rate was measured after exposure to 30 mg/liter vancomycin for 6 h. Vancomycin exposure increased the lag phase in all strains ([Fig. 5C](#F5){ref-type="fig"}) compared with that before vancomycin exposure ([Fig. 5B](#F5){ref-type="fig"}). The increase in the lag phase with vancomycin exposure was greater in FDA209P-*ileS\** and VSV2 than in FDA209P. Taken together, these results indicate that the *ileS\** mutation replicated the vancomycin tolerance phenotypes in FDA209P, demonstrating that *ileS* mutations are responsible for inducing vancomycin tolerance.

![Association of the *ileS* Y723H mutation with vancomycin (VAN) tolerance and low growth rate. (A) Cytokilling curves of *ileS\** mutants, including vancomycin survivor VSV2 and FDA209P-*ileS\**, indicate tolerance to vancomycin. Cells were treated with 30 mg/liter vancomycin for \>48 h, and the numbers of CFU per milliliter were measured at the indicated times. The MDK~99.9~ was calculated. Values are presented as the means ± SDs from three independent experiments. (B) Growth rates of *ileS\** mutants and FDA209P. Drug-free stationary-phase cultures were grown and diluted to ∼10^5^ CFU/ml in fresh BHI broth without vancomycin, and the growth rate was measured by recording the OD~600~ every 2 min over 24 h. The lag phase was defined as the period during which the OD~600~ remained static, and the doubling time was extracted from the fit to the exponential phase. (C) Resuscitation of *ileS\** mutants and FDA209P after vancomycin exposure. Drug-free stationary-phase cultures (10^6^ CFU/ml) were treated with 30 mg/liter vancomycin for 6 h, followed by washing and inoculation (10^5^ CFU/ml) in drug-free BHI broth to measure the growth rate over 24 h. After vancomycin exposure, the *ileS\** mutants resumed growth at a much lower rate than wild-type strain FDA209P. The growth rates shown are representative of those from three independent experiments with similar results.](zac0021758570005){#F5}

Cross-tolerance of *ileS* Y723H mutants to other antibiotics. {#sec2-7}
-------------------------------------------------------------

The sensitivity of the *ileS* Y723H mutants to four other antibiotics belonging to different classes, imipenem (a β-lactam), daptomycin (a lipopeptide), gentamicin (an aminoglycoside), and mupirocin (an IleRS inhibitor), was tested by both MIC and time-kill assays. The MIC of each of these antibiotics for *ileS* Y723H mutants was less than the susceptibility breakpoint (data not shown). The cytokilling curves of the study strains for imipenem, daptomycin, and gentamicin at 20× MICs are shown in [Fig. 6A](#F6){ref-type="fig"} to [C](#F6){ref-type="fig"}, respectively. Both VSV2 and FDA209P-*ileS\** showed tolerance to imipenem, as indicated by increased colony counts compared with those for FDA209P ([Fig. 6A](#F6){ref-type="fig"}). These *ileS* mutants were also tolerant to daptomycin ([Fig. 6B](#F6){ref-type="fig"}). However, the *ileS* mutation did not reduce the sensitivity to gentamicin, which showed a bactericidal effect within 6 h of treatment ([Fig. 6C](#F6){ref-type="fig"}). The results suggest that the *ileS* mutation contributes to increased tolerance to antibiotics that target the cell envelope but not to gentamicin, a protein synthesis inhibitor. These results suggest that use of the combination of vancomycin with gentamicin might be useful to avoid the emergence of antibiotic tolerance.

![Cross-tolerance of *ileS* Y723H mutants to other antibiotics. Cytokilling curves of *ileS* Y723H mutants (VSV2 and FDA209P-*ileS*\*) and parental strain FDA209P were obtained after exposure to 20× MIC of imipenem (A), daptomycin (B), and gentamicin (C). The values are presented as the means ± SDs from two independent experiments.](zac0021758570006){#F6}

DISCUSSION {#sec3}
==========

Previous studies on antibiotic tolerance have suggested that a low growth rate and reduced autolysis are physiological characteristics of mutants with tolerance to cell wall-acting antibiotics ([@B7], [@B10], [@B32]). The slow-growing phenotype of these mutants has been explained by the occurrence of the stringent response in association with *relA*/*spoT* homologous genes, which encode proteins that synthesize a global stress regulator, (p)ppGpp ([@B12], [@B33], [@B34]). The accumulation of (p)ppGpp ultimately brings the cell into a slow-growing state that shields it from the activity of antibiotics by inactivating their targets ([@B12], [@B35], [@B36]). In contrast, daptomycin tolerance is not related to the (p)ppGpp-mediated stringent response or to a slow-growth phenotype. Instead, daptomycin tolerance correlates with upregulation of the *dlt* operon, which is induced by the accumulation of inorganic phosphate, suggesting that antibiotic-specific molecular pathways also lead to tolerance ([@B13], [@B14]). In this study, we sought to identify genetic changes in surviving bacteria following exposure of an antibiotic-naive S. aureus strain to vancomycin at the MIC.

Although the MICs for the vancomycin survivor strains (strains VSV1 to VSV3) were not increased relative to those for FDA209P ([Fig. 1A](#F1){ref-type="fig"}), the more sensitive population analysis showed a clear shift of the curves to the right, indicating the presence of subpopulations with increased resistance. Notably, however, the survivor strains showed increased tolerance to vancomycin-induced killing compared with that of the FDA209P and Mu3 (hVISA) strains ([Fig. 1C](#F1){ref-type="fig"}). Even though it had a low vancomycin MIC, the MSSA strain FDA209P exhibited a high tolerance which exceeded that of the hVISA strain Mu3, suggesting that tolerance and resistance are quite different phenomena ([@B10]). In the future, in addition to resistance based on MIC values, tolerance based on cytokilling rates may be applied to tests for the clinical diagnosis of bacterial infections ([@B26]). In addition, our results suggest that not only MRSA strains but also MSSA strains could be recalcitrant to anti-MRSA agents, such as vancomycin and daptomycin, probably because of the property of tolerance. Moreover, the vancomycin survivor strains showed cotolerance to other antibiotics, including imipenem and daptomycin ([Fig. 6](#F6){ref-type="fig"}). Therefore, the use of a combination of two antibiotics with different mechanisms might be helpful to avoid the emergence of vancomycin tolerance.

From our results, along with those presented in earlier reports, it seems probable that slow growth is a feature of tolerance, irrespective of the stress types and bacterial genera ([@B9], [@B33]). A similar combination of slow growth and resistance to killing may be observed in a naturally occurring biofilm of bacteria, whose foundation is based on a dormant, drug-tolerant subpopulation which is recalcitrant to multidrug therapy and responsible for persistent infections ([@B6], [@B32], [@B35]).

Whole-genome comparisons of tolerant mutants identified *ileS*, encoding IleRS, to be one of the key genes involved in vancomycin tolerance. Moreover, IleRS belongs to the aminoacyl-tRNA synthetases and is an essential enzyme in protein synthesis ([@B37]). Therefore, it is very likely that direct or indirect impairment of one or more amino acyl-tRNA synthetases would initiate (p)ppGpp-mediated stringent responses by creating amino acid starvation. Previously, the inactivation of glutamyl-tRNA synthetase in a *hipA* (high persister) mutant derived from Escherichia coli was reported to induce β-lactam tolerance via a (p)ppGpp-mediated mechanism ([@B34]).

The *ribA* and *divIVA* mutations were also detected in VSV strains with and without an *ileS* mutation, respectively. *divIVA* encodes the DivIVA protein, which has an essential role in the initiation of septum formation for cell division ([@B38]). Independently (or perhaps synergistically, in the case of *ileS* and *ribA*), these mutations are likely to have enabled cells to cope with compromised cellular fitness under vancomycin pressure. Furthermore, introduction of the IleRS Y723H variant in the reference FDA209P strain demonstrated the association between *ileS*\* and tolerance phenotypes, including a reduced killing rate and a prolonged lag phase compared with those for the wild type ([Fig. 5A](#F5){ref-type="fig"} to [C](#F5){ref-type="fig"}).

This study represents the first identification of mutations in the *ileS*, *divIVA*, and *ribA* genes as part of the early step of MSSA adaptation to vancomycin. These mutations caused a considerable proportion (0.1 to 0.3%) of cells of three vancomycin-tolerant strains to be alive even after 48 h exposure to vancomycin at 20× MIC, which may lead to the recurrence of infection and the eventual failure of vancomycin therapy.

(p)ppGpp-mediated stringent responses are triggered by cell wall-active antibiotics, including vancomycin and β-lactams ([@B33], [@B39], [@B40]). An inhibitory concentration of vancomycin can induce (p)ppGpp accumulation through stimulation of *relA* in Enterococcus faecalis ([@B33]). In addition, *relA*-mediated stringent responses are triggered under the amino acid starvation created by mupirocin, which competitively inhibits the IleRS enzyme ([@B33], [@B41]). In our experiments with FDA209P on the vancomycin exposure plate, it was likely that all colonies that appeared after 96 h, including those with normal and small morphologies, were able to survive the vancomycin pressure under the double induction of the stringent response created by vancomycin itself and the *ileS* mutation. Of all of the survivors, only genetic mutants further retained the vancomycin tolerance phenotype after drug-free subculturing. Survivors without relevant mutations presumably lost the tolerance phenotype upon cessation of vancomycin exposure. Therefore, vancomycin might have induced reversible tolerance in wild-type survivors by modifying gene expression, causing a temporary stringent response. In contrast, induction of the stringent response in mutated survivor strains was stably inherited.

As the IleRS Y723H mutation in the VSV2 strain is located in close proximity to the isoleucyl-tRNA contact site, this mutation might affect the stable binding of isoleucyl-tRNA to IleRS, causing a reduced rate of synthesis of isoleucine--isoleucyl-tRNA and leading to the accumulation of uncharged isoleucyl-tRNA ([@B33]). RelA senses uncharged isoleucyl-tRNA and induces the stringent response by synthesizing (p)ppGpp ([@B12], [@B40]). This stress mediator acts on RNA polymerase and changes the physiology of the cell, blocking protein synthesis, inhibiting cell division, and causing slow growth ([@B6], [@B35]). In this situation, cell wall synthesis is not required for survival and vancomycin becomes nonlethal ([@B6], [@B12]).

This study provides direct evidence for the involvement of the mutation of IleRS in the acquisition of a vancomycin tolerance phenotype, along with tolerance to other cell wall-acting antibiotics. Tolerance is closely linked to a low growth rate (especially prolongation of the lag phase) and is presumably associated with the continuous expression of the stringent response. Further studies using transcriptomic and proteomic analyses, along with direct measurement of the levels of (p)ppGpp in *ileS\** mutants, are needed to prove this hypothesis.

MATERIALS AND METHODS {#sec4}
=====================

Bacterial strains and growth conditions. {#sec4-1}
----------------------------------------

FDA209P (ATCC 6538P) was the parent strain used for the selection of vancomycin-tolerant S. aureus strains. The derived strains, along with the plasmids used in this study, are described in [Table 1](#T1){ref-type="table"}. S. aureus was grown in brain heart infusion (BHI) broth (Becton, Dickinson and Company, Sparks, MD, USA) with aeration at 37°C, unless indicated otherwise, whereas Escherichia coli was grown in Luria-Bertani medium (LB; Becton, Dickinson and Company). To select E. coli and S. aureus transformants, 100 mg/liter ampicillin or 10 mg/liter chloramphenicol, respectively, was added to the growth medium. Antibiotics were purchased from Sigma (St. Louis, MO, USA).

Selection of vancomycin-tolerant strains. {#sec4-2}
-----------------------------------------

Vancomycin-tolerant strains were selected after inoculation of 10^7^ CFU of a stationary-phase culture of FDA209P on BHI agar plates containing 1.5 mg/liter vancomycin (equivalent to the MIC for FDA209P), and the appearance of survivors was monitored up to 120 h. Three very small colonies that appeared after 96 h of incubation were selected for further analysis. These three colonies were streaked and grown on drug-free BHI agar plates. A single colony was then picked from each of the three cultures, followed by growth in BHI broth. The resulting cultures were established as representative vancomycin survivor strains (strains VSV1, VSV2, and VSV3) ([Table 1](#T1){ref-type="table"}). The isogenicity of the survivor strains to their parent strain was confirmed by multilocus sequence typing (MLST).

Measurement of growth rate. {#sec4-3}
---------------------------

The growth rate parameters, including the lag phase and doubling time, were measured as described elsewhere ([@B20]). Briefly, a portion of an overnight culture was grown to an optical density (OD) at 600 nm (OD~600~) of 0.3, and then a 10-μl aliquot of this culture was inoculated into 10 ml fresh BHI broth (final concentration, 10^5^ CFU/ml). This culture was grown at 37°C with shaking at 25 rpm in an automatic photorecording incubator (model TN-2612; Advantec, Tokyo, Japan). The OD~600~ was recorded every 2 min over a period of 24 h. A growth curve was produced by plotting the OD against time. The lag phase was defined as the period showing no increase in the OD (static OD), whereas the doubling time of each strain was determined by fitting a growth curve to an exponential equation.

For postantibiotic lag-phase determination, stationary-phase drug-free cultures of the study strains were adjusted to 10^6^ CFU/ml in BHI broth containing 30 mg/liter vancomycin and incubated for 6 h at 37°C with shaking, and then 0.1-ml aliquots were centrifuged. The precipitated cells were washed with saline, resuspended in 0.1 ml BHI medium, and used to inoculate 10 ml BHI medium. The lag time and doubling time were measured as described above ([@B14]). The experiments were repeated at least three times on different days.

Antibiotic susceptibility testing. {#sec4-4}
----------------------------------

MICs were determined by the Etest gradient strip method (AB Biodisk, Solna, Sweden), following the manufacturer\'s instructions. BHI agar was used instead of Mueller-Hinton agar, as BHI agar is a proven medium for supporting VISA phenotype expression ([@B20]). The MIC was recorded after both 24 h and 48 h of incubation.

Cytokilling assay. {#sec4-5}
------------------

The cytokilling assay was performed as described previously ([@B42]), with slight modifications. Briefly, overnight stationary-phase cultures of the test strains were adjusted to an OD~578~ of 0.3 (10^8^ CFU/ml). Next, 100 μl of this suspension was inoculated into 10 ml of prewarmed BHI broth (giving a final cell density of 10^6^ CFU/ml) either without vancomycin or with 30 mg/liter vancomycin (20× MIC) in glass tubes. These tubes were incubated with shaking at 37°C in an automated OD recorder. At 0 h, 6 h, 24 h, and 48 h, a 100-μl aliquot of the culture was harvested, diluted in saline solution, and spread on BHI agar plates. Viable colonies were counted after incubation of the plates at 37°C for 48 h to ensure the appearance of all colonies of the slow-growing strains. The log~10~ number of CFU was plotted against time for each treatment. The lowest vancomycin concentration that caused a reduction of the log~10~ number of CFU of ≥3 (≥99.9% killing) was defined as the minimum bactericidal concentration (MBC) ([@B24]). For parental control strain FDA209P, a time-kill assay was performed with a range of vancomycin concentrations (1×, 2×, 5×, 10×, and 20× MIC). The vancomycin MBC for the FDA209P parental control strain was 30 mg/liter (20× MIC), so the tolerance of the vancomycin survivor strains to vancomycin was tested at this concentration. All the cytokilling experiments were repeated at least three times.

Population analysis. {#sec4-6}
--------------------

Analysis of heteroresistant subpopulations was performed as described previously ([@B3]). Briefly, 100-μl aliquots of an overnight culture adjusted to an OD~578~ of 0.3, along with serial 10-fold dilutions, were plated on BHI agar containing from 0.5 mg/liter to 10 mg/liter vancomycin. The plates were incubated at 37°C for 24 to 72 h, and the number of colonies was counted. The population curve was drawn after plotting the log~10~ number of CFU versus the vancomycin concentrations.

Autolysis assay. {#sec4-7}
----------------

Triton X-100-induced autolysis activity was measured as described previously ([@B43]). Briefly, cultures were grown to an OD~600~ of ∼2 with shaking at 37°C in an automatic OD recorder (model TN-2612). The cells were harvested at 4°C and added to prechilled 10 mM Tris-HCl (pH 7.5) containing 0.05% (vol/vol) Triton X-100, giving a final turbidity of ∼2 at 600 nm. A decrease in the OD~600~ resulting from autolysis was recorded during overnight incubation at 30°C, using an automatic biophotorecorder. The autolysis was reported as a percentage of the initial OD (at the zero time point), and final results are representative of those from three independent experiments.

Whole-genome sequencing and determination of mutations. {#sec4-8}
-------------------------------------------------------

The whole-genome sequences of the VSV1, VSV2, and VSV3 strains were compared with the whole-genome sequence of parental reference strain FDA209P using a next-generation sequencing (NGS) platform (Illumina MiSeq; Illumina Inc., San Diego, CA, USA). Briefly, a single colony from a streaked plate was grown to stationary phase in BHI broth, genomic DNA was isolated, and a DNA library was prepared using a Nextera XT DNA sample preparation kit (Illumina). Sequencing was performed using a MiSeq reagent kit (v2; 500 cycles) and a paired-end 2 × 250-bp cycle run on an Illumina MiSeq sequencing system.

In order to detect genetic alterations in the survivor strains, the 250-bp paired-end sequencing reads were mapped to the complete reference genome sequence of parental strain FDA209P ([@B27]) using the programs snpTree (v1.1) and CSI Phylogeny (v1.1) ([@B44]). The average percentage of the reference genome mapped was 99.94%, indicating that the number of reads in this analysis was sufficient.

The detected single-nucleotide polymorphisms (SNPs) were verified by resequencing of candidate genes by a Sanger sequencing method using a BigDye Terminator (v3.1) cycle sequencing kit on a 3500xL genetic analyzer (Applied Biosystems, Tokyo, Japan) with forward and reverse primers specific for each target locus. Structural and evolutionary information for proteins affected by nonsynonymous SNPs was searched for using the protein database HOMOCOS (<http://homcos.pdbj.org/?LANG=ja>).

Recombinant DNA techniques. {#sec4-9}
---------------------------

Plasmid and genomic DNA was isolated using Miniamp and Miniprep kits (Qiagen, Valencia, CA, USA), respectively. Restriction enzymes were used as recommended by the manufacturer (TaKaRa Bio, Shiga, Japan). PCR amplification was performed using TaKaRa *Ex Taq* DNA polymerase and buffer (TaKaRa Bio).

The preparation of the recombinant plasmid pKOR1-*ileS*\* and its transformation into chemically competent E. coli DH5α cells (TaKaRa) were performed as described previously ([@B45]). The recombinant plasmids ([Table 1](#T1){ref-type="table"}) were isolated from E. coli using midiprep kits (Qiagen), and the presence of intact insert DNA was verified by sequencing using the primers listed in Table S1 in the supplemental material, followed by electroporation into S. aureus by pulsating at 2,500 V using a Gene Pulser system (Bio-Rad, Hercules, CA, USA).

Introduction of *ileS* mutation encoding isoleucyl-tRNA synthetase (IleRS) Y723H into FDA209P by pKOR1 allelic replacement. {#sec4-10}
---------------------------------------------------------------------------------------------------------------------------

The replacement of wild-type *ileS* (SAFDA_1063) in parental strain FDA209P was performed by the pKOR1 allelic replacement method, as described previously ([@B46]). Briefly, a 1.2-kb *ileS* DNA fragment (*ileS*\*) from the VSV2 mutant (expressing IleRS Y723H) was amplified using primers attB1_ileS (1)\_F and attB2_ileS (1)\_R2 (Table S1). The PCR product (with an *attB* site at each end) was used for recombination with pKOR1, yielding the pKOR-*ileS*\* plasmid. The sequencing integrity of the construct was confirmed by sequencing. This plasmid was then used in the allelic replacement procedure. The resultant *ileS\**-containing strain was designated FDA209P-*ileS\**.

Statistical analysis. {#sec4-11}
---------------------

The data from all the cytokilling experiments, which were repeated on three separate occasions, are presented as the mean ± standard deviation (SD). The significance of the differences in the level of cytokilling was determined by a paired Student\'s *t* test. A *P* value of \<0.05 was considered significant.

Supplementary Material
======================

###### Supplemental material

Supplemental material for this article may be found at <https://doi.org/10.1128/AAC.01154-16>.
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